Mouse FM3A cells propagated well in serum-free medium containing 0.5 % serum albumin and 1ƒÊg of insulin/ml. The vitamin B12 (B12)
Various serum-free media for culturing mammalian cells have been developed (3, 13) , and the addition of unidentified tissue extract or conditioned medium to medium already fortified with hormones and growth factors is effective in inducing clonal growth of cells (4, 14) . In some cases, the need for these conditioning factors has been eliminated by adding defined factors instead (27, 30) . But, there is a population-dependent requirement of cultured cells for intermediate metabolites or cofactors that can be synthesized at high cell densities ; compounds that are concentrated or held at low efficiency are required to retain optimal intracellular concentrations at low cell densities (8, 9) .
We here describe the population-dependent requirement of several mouse cell lines and their hybrid cells in serum-free medium supplemented with serum albumin and insulin for a group of factors consisting of B12, folinic acid and purine. 
RESULTS
Serum free medium for the growth of FM3A cells at low cell densities. We tested the ability of RITC80-7 medium (32) to induce rapid proliferation of FM3A cells in a serum-free medium. This medium, developed in our laboratory, is used over a long period for the multiplication of human embryonic fibroblasts. Statisfactory growth of FM3A cells in RITC80-7 medium was demonstrated. We then performed experiments to eliminate unnecessary components from the medium. Factors that induced no significant increase in cell number were the epidermal growth factor, transferrin and thyronine. On the basis of these results, the simplified serum-free medium (IBH) described in MATERIALS AND METHODS was developed for the growth of FM3A cells. Omission of one medium component, insulin or BSA, or a combination of B12 and Hyp, either did not sustain, or considerably reduced cell growth when the growth response was assayed at low cell densities. The optimal concentration of the effective Hyp and dThd was more stimulatory than was that of adenine and dThd (Fig. 5D ). In this experiment Hyp was replaced with the purine nucleotide, adenosine, deoxyadenosine, inosine or deoxyinosine, or with the nucleotide, inosine monophosphate or adenosine monophosphate, each component at 10-5 M (data not shown). In these combinations deoxycytidine could not substitute for dThd for the enhancement of cell growth. Effect of B12 on growth of a single cell. To test the effect of B12 on growth response at the single cell level, FM3A cells were suspended in DBH medium at a concentration of 5 cells/ml in the presence or absence of 10 ng of B 12/m1 or F12 medium with 10% calf serum (CS) as the control, 0.2 ml samples being plated in each well of a 96-well plate. The respective mean cell numbers of cells in 24-wells per well containing DBH medium, DBH medium plus B12 and F12 medium plus 10 % CS counted after 8 days were 660, 3,650 and 4,750. Similar results were obtained when 100 cells were plated on an agarose plate. The respective ratios of the colony sizes were 0.47, 0.85 and 1, in the order shown in Fig. 6 .
Effect of B12 and metabolically related substances on cell growth in other cell lines and their hybrids. Even at low cell densities, Chinese hamster V79 cells had no demonstrable requirement for B12 ; cells grew well in DBH medium fortified with 0.5 % dialyzed CS. Nor did hybrids derived from the fusion of V79 and FM-1 cells require B12 at low cell densities (Fig. 4B) . The B12 requirement of the FM-1 cells therefore is a recessive trait in the hybrids. In contrast, at low cell densities, mouse CI 1D, Ehrlich and their hybrid cells all required B12. Table 1 shows that an addition of B12 or folinate to DBH medium induced proliferation both of the parental cells and their hybrids at densities of 30 and 100 cells, whereas dThd and Hyp failed to sustain growth. The best growth response was obtained with B12 combined with added depended entirely on population density. The high cell density of these cells (more than 10,000 cells) did not induce a B12 requirement ; but when the density was reduced to less than 100 cells per 35 mm dish, B12 and related substances were required for cell proliferation. The relation of low cell density to the growth response in medium with, or without, a combination of B12, folinate and dThd is shown in Fig. 4C . A clone of the monolayer-grown hybrid from IBH medium was isolated, and the effect of omitting a supplement(s) from IBH medium fortified with a combination of B12, folinate and dThd was checked by clonal growth (Fig. 7) . A combination of B12, folinate and dThd, as well as insulin and BSA, was required for clonal growth of the hybrid. Eliminating other supplements had no effect on clonal growth. The B12 requirement thus was demonstrated in this hybrid as in its parental cells.
DISCUSSION
The requirements for B12 and metabolically related substances by FM3A cells in serum-free medium depended on the population density. There was a definite interrelation for the requirements for folate, folinate, B12, Hyp and dThd. The requirements disappeared when more than 10,000 FM3A cells were plated. A more critical B12 requirement was demonstrated in Ehrlich and CI 1D cells and their hybrids. The combined addition of B12, folinate and dThd to DBH medium induced maximum cell growth. FM3A cells also grew in the presence of a combination of dThd and Hyp. These facts indicate that an adequate amount of newly acquired tetrahydrofolate is provided, as proposed by Ham (11) . Therefore, three different routes for the generation of tetrahydrofolate (16) are relevant to the present investigation ; from a high concentration of folate, from folinate and from 5-methyltetrahydrofolate via the B12-dependent route. This coenzyme functions in the synthesis of purine nucleotides and thymidylate. Most cells appear to be able to synthesize nucleotides de novo, although an addition of purine or pyrimidine or its nucleotides increases the efficiency of synthesis. Investigators have shown that B12 is required for the optimum growth of certain cell types in serum-free medium (15, 23, 24, 26, 27 and 28) . O'Farrel et al. (26) reported that 3T3 cells have a dual requirement for B12 and Hyp, whereas 3T6 cells require B12 alone. The folate or folinate requirement is related to the concentrations of adenine, dThd and glycine (22) . B12 and folinate are reported to be essential when dThd or Hyp are absent (28) . Some attempts to detect a B12 requirement, however, have been unsuccessful (2, 29).
It generally has been assumed that cells are able to concentrate or hold intermediate metabolites and cofactors with varying efficiency and that those substances concentrated or held with low efficiency fall below the optimal intracellular concentrations at a low cell density (5, 8 and 9) . We here have shown the need for B12 and metabolically related substances presumably is due to the ability of exogenous B12 and related substances to limit the loss of intracellular B12 and related substance pools to the surrounding culture medium, but the extent of the requirement varies with the cell type. Our data were obtained by replacing the whole serum (containing endogenous B12 bound to B12-binding proteins [1] ) with serum albumin. The serum albumin samples were not entirely devoid of B12 (5 to 7 pg/mg of crystalline protein) and methyltetrahydrofolate, although these contaminants appeared to be bounded to proteins (10) . In our experiments, an addition of less than 100 pg of B12/ml did not induce cell propagation in B 12-free medium (Fig. 5C) , and the concentrations of B12 in the serum albumin were much lower than the effective needs. Therefore, we used BSA in our experiments and found it to be a remarkable growth enhancer for the several cell types tested.
